abstract: The study of parasite virulence has generally focused on the conditions under which virulence is expected to increase or decrease over time and how the interactions between hosts and their environments may mediate the outcome of infection. Recently, parasite traits such as transmission, offspring production, and development have also been shown to be influenced by environmental variation. What is unclear is how variation in the parasite's environment may impact virulence. Recent theory demonstrates that plasticity can promote the evolution of decreased virulence; thus, understanding whether the parasite's environment can mediate virulence can improve predictions regarding the outcome of parasite infection. Here, an obligate mosquito parasite was reared in hosts fed high or low levels of food. Parasite oocysts (offspring) produced in these two host environments were subsequently fed to uninfected hosts. Parasites originating from well-fed hosts were found to be more virulent to these subsequent hosts compared to parasites originating from poorly fed hosts. Additionally, this effect was apparent only when current hosts were food deprived. These results demonstrate that parasite virulence was mediated by a cross-generational effect of the environment and that the overall outcome of infection was modified by variation in both the parasite's and host's environments.
The study of the evolution of parasite virulence (defined here as parasite-induced decrease in host fitness) aims to understand the conditions under which virulence is expected to increase or decrease over time (reviewed in Bull 1994; Myers and Rothman 1995; Frank 1996; Ebert 1999; Levin et al. 1999; Galvani 2003) . Since the inception of virulence evolution models in the early 1980s (e.g., Levin and Pimental 1981; Anderson and May 1982; Bremermann and Pickering 1983) , the impact of numerous variables on virulence has been explored, including the effects of parasite transmission mode (Lipsitch et al. 1995 (Lipsitch et al. , 1996 Day 2001) , superinfection and multiple infection (Nowak and May 1994; van Baalen and Sabelis 1995) , host and parasite population structure (Herre 1993; Sasaki 1999, 2000; Boots et al. 2004 ), host-parasite coevolution (van Baalen 1998; Koella and Restif 2001; Restif et al. 2001; Gandon et al. 2002; Day and Burns 2003; Restif and Koella 2003) , variation in host genetics and life history (Regoes et al. 2000; Gandon et al. 2001a; Ganusov et al. 2002; Choo et al. 2003; André et al. 2003) , and vaccination (Gandon et al. 2001b; André and Gandon 2006) . Given the ubiquity of parasitic diseases, a thorough understanding of how pathogen virulence evolves can have significant medical and economic implications (Dieckman et al. 2002) .
Concomitant with the development of virulence evolution theory has been a renewed interest in the importance of environmental variation in mediating the immediate outcome of parasite infection. For example, numerous studies have documented how rearing environment can alter an organism's response to parasitism (e.g., Burdon 1987; Washburn et al. 1991; Lively et al. 1995; Murray et al. 1997; Agnew and Koella 1999; Lafferty and Kuris 1999; Brown et al. 2000; Thomas and Blanford 2003; Mitchell et al. 2005) . A common result in studies such as these seems to be that hosts that are malnourished or kept in crowded conditions often suffer more from parasite infection (e.g., Comiskey et al. 1999; Tseng 2004) . Additionally, there is also a growing body of work demonstrating that environmental variation can mediate the expression of various parasite traits. For example, parasite transmission strategy (Buckling et al. 1997 (Buckling et al. , 1999 Kaltz and Koella 2003; Gouagna et al. 2004) , propagule production (Wedekind et al. 1998; Bedhomme et al. 2004) , mode of reproduction (Gemmill et al. 1997; West et al. 2001) , and development (Poulin 2003) have all been shown to be environmentally dependent. Parasites have also demonstrated a phenotypically plastic trade-off between propagule production and transmission mode (Vizoso and Ebert 2005) .
Despite this evidence for environmentally dependent parasite traits, it is unresolved whether variation in the parasite's environment can also help explain variation in virulence. For example, does a parasite's virulence change according to the level of resistance exhibited by the host? Alternatively, does the parasite's current environment impact the virulence of parasite offspring in future environments? In most studies of parasite-host interactions, parasite virulence is assumed to be a constant, genetically determined trait of the parasite. For example, host-parasite specificity and the resulting coevolution relies on virulence being a genetic property of the parasite (Little et al. 2006 ). However, given that (1) numerous parasite life-history traits have been shown to be environmentally dependent and (2) virulence itself is essentially a parasite life-history trait (Galvani 2003) , there is perhaps good reason to believe that virulence may not always be a constant property of the parasite.
What mechanisms may give rise to plasticity in virulence? Assuming that parasites experience similar types of life-history trade-offs to those commonly observed in other organisms (Roff 1992; Stearns 1992) , one may predict that parasites growing in poor-quality or poorcondition hosts may have fewer resources for growth or reproduction, compared to parasites growing in goodquality hosts. Parasite offspring that are provisioned with fewer resources (i.e., poor-quality parasites) may subsequently exhibit poor growth in future hosts. If the amount of damage a parasite causes to the host is correlated with within-host parasite growth, the reduction in fitness exhibited by hosts infected with poor-quality parasites should be less than that of hosts infected with parasites of higher quality.
The importance of understanding whether virulence is a constant or flexible trait of the parasite was underscored recently by Taylor et al. (2006) . The authors modeled whether plasticity in parasite virulence, in host clearance, or in both, altered the evolution of either trait. They found that in all cases, plasticity led to reduced levels of both virulence and clearance. Thus, the demonstration of plasticity in some parasite life-history traits together with the recent predictions that virulence plasticity may have important consequences for host-parasite interactions provide a strong case for an improved understanding of whether plasticity in virulence occurs in nature.
Here I use the mosquito Aedes albopictus (Diptera: Culicidae) and its protozoan parasite Ascogregarina taiwanensis (Apicomplexa: Lecudinidae) to examine whether variation in the outcome of parasite infection is explained by the responses of both parasites and hosts to environmental variation. Briefly, the following protocol was used: parasites were initially reared in well-fed or poorly fed mosquito hosts, parasite oocysts (eggs) that were created in these two host environments were extracted, oocysts were subsequently fed to uninfected mosquito larvae, and infected mosquitoes were reared with high or low food levels. Mosquito fitness was assayed by comparing mosquito lifehistory traits among the four treatment combinations.
I found that (1) parasite oocysts derived from highfood-level hosts were more detrimental to mosquito fitness compared to infection by oocysts derived from low-foodlevel hosts (but this effect was apparent only when current hosts were food deprived), and (2) increases in current host food level lessened the negative impact of infection on mosquito fitness. These results demonstrate that the outcome of infection was mediated by both cross-generational effects of the environment on parasite virulence and by the immediate effects of the environment on the host. Thus, as expected, virulence was found not to be a constant property of the parasite.
Methods

Study Organisms
Aedes albopictus is a container-breeding mosquito; eggs are laid on the inner surfaces of natural or artificial containers (e.g., tree holes, tires, flower vases) and hatch after being submerged in water. The mosquito develops through four larval instars and one pupal stage before metamorphosing into a terrestrial adult (Hawley 1988) . Ascogregarina taiwanensis can complete its life cycle only in A. albopictus. The virulence of this parasite is generally mild but is heightened by the low food levels in the host (Comiskey et al. 1999 ) and crowding (Tseng 2004 ) and in male versus female mosquitoes (Tseng 2004 ). The life cycle of A. taiwanensis begins when parasite oocysts (eggs) are ingested by first-instar A. albopictus mosquito larvae (Chen 1999) . Oocysts hatch into eight juvenile parasites (sporozoites), which develop and mature into trophozoites in the cells of the gut lining of the larval mosquito. No asexual reproduction of the parasite occurs in the host. Each trophozoite develops into a macro-or microgamete on the first day of the mosquito pupa. During the remainder of the pupal stage, a macro-and microgamete fuse and form a single gametocyst, within which hundreds of oocysts are formed. Most oocysts are shed into the rearing container immediately after metamorphosis of the mosquito from pupa to adult, but some are retained in the adult. New oocysts are not formed in the adult mosquito. Further details of the parasite life cycle can be found in an article by Chen (1999) . 
Experimental Design
Host and Parasite Populations. Larvae of A. albopictus that were naturally infected with A. taiwanensis were collected from Arcadia, Florida (27.2ЊN, 81.8ЊW), in July 2005 and propogated in population cages at Indiana University, Bloomington. Colonies were maintained at , 27Њ ‫ע‬ 2ЊC 70% relative humidity, and a 14L : 10D photoperiod. Female mosquitoes were blood fed following Tseng (2003) to stimulate egg production. To isolate parasite oocysts, infected pupae were collected and allowed to metamorphose individually in 1.5-mL centrifuge tubes. Oocysts were then harvested by collecting the water from which pupae emerged (to obtain shed oocysts), as well as by grinding adults to release retained oocysts.
Part 1: Rearing of Parental Parasites in Two Environments.
Parasites were first reared in hosts fed either high or low levels of food ( fig. 1 ). To create these two rearing environments, 400 first-instar larvae were mass-infected with approximately 8,000 oocysts per larva. Dose was quantified using a hemocytometer on a compound microscope at #10. One day after infection, the 400 larvae were divided and placed in 20 replicate rearing cups of 20 individuals each. Ten replicates received low levels of food (fed every third day), and 10 received daily feedings (high food level). Each feeding consisted of approximately 0.2 mg finely ground Nutriphase (Petsmart, Phoenix) rabbit chow. Mosquito pupae were collected and allowed to metamorphose in individual 1.5-mL centrifuge tubes. Data on mosquito development time, wing length, and survival were collected. These traits are commonly used as indicators of overall fitness in this species (Comiskey et al. 1999; Armbruster and Hutchinson 2002) . Development time was measured as the number of days from hatching to pupation. Mosquito wings were scanned as a portable document file and measured to the nearest 0.1 mm using the measuring tool in Adobe Acrobat, version 6.0 Professional. Total parasite oocyst number per cup was also recorded by grinding individual mosquitoes in the water in which they emerged and counting the shed and extracted oocysts on a hemocytometer.
Part 2: Assaying the Effects of the Parasite's Previous Environment.
Oocysts extracted from each of the 10 highfood-level and 10 low-food-level replicates from part 1 of the experiment were subsequently fed to uninfected firstinstar mosquito larvae ( fig. 1) . To infect mosquitoes, 200 larvae were first simultaneously infected with oocysts isolated from one of the 20 replicates from part 1. Because oocyst number differed among replicates (data not shown), oocyst concentration was diluted to match that of the replicate with the lowest oocyst number. Larvae were thus infected with approximately 2,000 oocysts per larva. Each batch of 200 was then divided into 10 replicates of 20 larvae the following day. Thus, overall there were 200 replicates, each with 20 individual larvae. Additionally, to investigate whether the effect of the parasite's previous environment was mediated by the current host rearing environment, 100 of the 200 replicates received low levels of food, and 100 received high levels ( fig. 1 ). Data on mosquito wing length, development time, and survival (per rearing cup) were collected.
Statistical Analyses
Part 1. A nested mixed-model ANOVA, with replicates nested within food treatment, was used to examine the effect of food level and mosquito sex on the development time and wing length of infected mosquitoes. Food and sex were treated as fixed factors and replicate as a random factor. ANOVA was also used to examine the effect of food level on per-replicate survival of infected mosquitoes. Finally, ANOVA was used to examine whether food treatment explained variation in parasite reproduction (oocyst number), and the relationship between oocyst number and mosquito growth rate was analyzed using linear regression.
Part 2. A nested mixed-model ANOVA was used to examine the combined effects of the parasite's previous environment, current host food level, and mosquito sex on mosquito development time and wing length. The factors included in the model were previous environment (high or low food levels), current environment (high or low food levels), sex (female or male), the interactions between the three main factors, rearing cup nested within previous environment, and rearing cup nested within ), and mosquitoes in the high-food-P ! .001 level treatment emerged at a larger size ( ). The dashed line P p .028 separates male from female data. B, Parasites tended to produce more oocysts when inhabiting high-food-level hosts ( ). P p .07 current environment. Both types of rearing cups were considered to be random factors. For the analysis of percup mosquito survival, factors included in the ANOVA were previous environment, current environment, environment interaction, and rearing previous # current cup (random factor) nested within previous environment. Sex was not included in this analysis because mosquito sex could be determined only at the end of the experiment. All untransformed data met the assumptions of ANOVA. All analyses were performed in SPSS, version 14.
Additionally, because each rearing cup housed both male and female mosquitoes, individuals within each cup are not independent. In order to include sex in the ANOVA (in both parts 1 and 2) but to avoid pseudoreplication, each rearing cup was randomly assigned to contribute either male or female data to the analysis (following Agnew et al. 2002) . Additional analyses (data not shown) where the rearing cups were assigned to contribute data for the opposite sex or where all data were included were not qualitatively different from the results presented here.
Results
Part 1: Effect of Host Food Level on Virulence and Parasite Reproduction
Infected male mosquitoes developed faster than did females ( , , ), and although F p 13.8 df p 1, 11.2 P p .004 there was a tendency for mosquitoes in the high-food-level treatment to develop faster than those in the low-foodlevel treatment, food levels did not significantly explain variation in development time ( , , F p 3.36 df p 1, 11.2 ). In contrast, both food ( , P p .093 F p 5.95 df p , ) and sex ( , , 1, 14.3 P p .028 F p 114.1 df p 1, 11.2 P ! ) affected mosquito size at emergence ( fig. 2A) . Mean .001 survival per replicate was 68.5% and did not differ between food treatments ( , , ). F p 0.051 df p 1, 18 P p .82 Parasites reared in high-food-level hosts tended to produce more oocysts ( fig. 2B ; , , F p 3.636 df p 1, 18 P p ), and there was also a significant positive relationship .07 between parental parasite oocyst production and mosquito growth rate ( , , , ). F p 7.71 df p 1, 19 r p 0.55 P p .012 When host growth rate is included as a covariate in the analysis of the effect of food level on oocyst number, the marginally significant effect of food treatment disappears completely ( , , ), but the co-F p 0.528 df p 1, 19 P p .477 variate effect approaches significance ( , F p 3.83 df p , ), indicating that the effect of host food 1, 19 P p .067 level on oocyst production is mediated by the increase in mosquito growth rate in the high-food-level treatment.
Part 2: Effect of Parasite Previous Environment and Current Host Food Level on Virulence
Development time was shorter in infected males than females ( , , ) and in infected F p 146.1 df p 1, 203.7 P ! .001 mosquitoes fed high versus low levels of food ( , F p 8.16 , ; fig. 3A ). The parasite's previous df p 1, 201.7 P p .005 environment did not influence mosquito development time.
Variation in the wing length of infected mosquitoes was explained by sex ( , , ), cur-F p 478.0 df p 1, 176.9 P ! .001 rent host food level ( , , ), F p 35.03 df p 1, 176.9 P ! .001 and an interaction between parasite's previous environment Parasite Parental Effects Mediate Virulence 569 ), and infected females (circles) took longer to develop than P p .005 infected males (squares;
) .B, Parasites originating from high-P ! .001 food-level hosts had a more severe effect on mosquito size, but this effect was present only in hosts that were currently fed low levels of food ( ). Also, females emerged at a larger size than males ( ), P p .042 P ! .001 and infected mosquitoes fed high levels of food attained a larger size than did those fed low levels of food ( ). P ! .001 and current host food level ( , , F p 4.19 df p 1, 176.9 ; fig. 3B ). Specifically, parasite oocysts derived from P p .042 well-fed hosts were more detrimental to mosquito size compared with oocysts originating from low-food-level hosts, but this effect was apparent only when current hosts were food deprived ( fig. 3B ). There was also a marginally significant interaction between host food level and sex (F p , , ) , in which the reduction in 3.917 df p 1, 176.9 P p .049 wing length due to low food was slightly more pronounced in infected female mosquitoes than in males ( fig. 3B) 25.% ‫ע‬ in the low-food-level treatment. It is unclear why 0.07% survival in this part of the experiment was lower than that in part 1, but the observed rates are still within the range found in previous experiments in this system (Tseng 2004) .
Discussion
This study demonstrates that the previous environment of the parasite can help explain variation in the outcome of infection in the parasite's current environment, suggesting that virulence is not a constant property of this protozoan parasite. Although the effect of the previous environment was small ( fig. 3B) , the result is a meaningful one, given that it was still detectable despite the fact that a considerable amount of the variation in wing length was explained by current environment and mosquito sex. Additionally, using the Aedes albopictus wing lengthfecundity relationship from Armbruster and Hutchinson (2002;  ), log [egg number] p 0.16 ϩ 4.22 log [wing length] the reduction in wing length due to infection by parasites derived from a previously well-fed host translates into an approximately 11% decrease in egg production per blood meal. If females live long enough to take two or three blood meals, this reduction would then be compounded to approximately 30%. Overall, these results lend support to recent theory suggesting that plasticity in virulence can occur in some host-parasite systems and can potentially have important consequences for both virulence evolution and host-pathogen interactions (Taylor et al. 2006) , although similar studies in other systems are necessary to assay the generality of these findings.
One possible mechanism for the cross-generational environmental effects seen here is that which was suggested in the introduction to this note. Namely, it is reasonable that the differential provisioning of resources (e.g., fat reserves) by parental parasites to oocysts in the previous environment resulted in differential within-host resource use by parasite offspring in the current environment. This hypothesis also fits recent suggestions that the amount of damage caused by a parasite is potentially correlated with parasite resource availability (Thomas et al. 2002; Jokela et al. 2005) . Alternatively, these cross-generational effects may also have been due to selection in the parental generation for two different strains of Ascogregarina taiwanensis. The magnitude of standing genetic variation in this parasite is unknown; thus, it is difficult to conclude whether the difference in host food level between the two treatments would have been sufficient to produce the observed variation in offspring parasite effects. However, given that no parasite asexual reproduction occurs within the host and that the response of parasites to selection for increased or decreased pathogenicity is often idiosyncratic in the first few generations of selection (e.g., Mackinnon and Read 1999; Gower and Webster 2004; Stewart et al. 2005) , selection may not have been the only contributing factor to the patterns observed here.
The results of this experiment have significance for both long-and short-term host-parasite interactions. Taylor et al. (2006) have demonstrated mathematically that plasticity can lead to the evolution of reduced levels of both parasite virulence and host clearance. From a shorter-term perspective, plasticity in virulence may give rise to shortterm fluctuations in virulence. For example, if resources are plentiful during a rainy season but scarce in the following dry season, parasites that were generated in the former environment may exhibit higher pathogenicity than those produced in the latter environment. Finally, if cross-generational responses of parasites to environmental variation are a general phenomena, one may be able to predict the pathogenicity of medically and economically important pathogens using a measure of the overall quality of the host in which the parental parasites were reared. Recent findings of Gouagna et al. (2004) , demonstrating that Plasmodium falciparum were more likely to be successfully transmitted from asymptomatic malaria patients versus symptomatic patients, provide some support for this hypothesis.
